Thermoplastic polymers are currently prepared almost exclusively from fossil feedstocks. In view of the limited availability of such feedstocks, alternative renewable resources are desirable in the long term.[1.2] Polymer production from a renewable resource ideally allows for a complete molecular utilization of the feedstock and carries its molecular structure over into the resulting polymers, providing them with specific desirable properties. In this regard, fatty acids from plant oils are attractive substrates as they contain long-chain linear segments. They also possess two functional groups, as required in principle for the generation of thermoplastics by step-growth polymerization. However, the double bond is located in the center of the molecule. For complete utilization of fatty acids in the generation of crystallizable linear polymers, a functionalization at the chain end is required (Scheme 1). Herein we report the preparation and properties of novel semicrystalline polyesters with long-chain hydrocarbon segments based on complete linear incorporation of oleic acid and erucic acid.
Linear Semicrystalline Polyesters from Fatty Acids by Complete Feedstock Molecule Utilization**

Dorothee Quinzler and Stefan Mecking* Dedicated to Hans Brintzinger on the occasion of his 75th birthday
Thermoplastic polymers are currently prepared almost exclusively from fossil feedstocks. In view of the limited availability of such feedstocks, alternative renewable resources are desirable in the long term. [1.2] Polymer production from a renewable resource ideally allows for a complete molecular utilization of the feedstock and carries its molecular structure over into the resulting polymers, providing them with specific desirable properties. In this regard, fatty acids from plant oils are attractive substrates as they contain long-chain linear segments. They also possess two functional groups, as required in principle for the generation of thermoplastics by step-growth polymerization. However, the double bond is located in the center of the molecule. For complete utilization of fatty acids in the generation of crystallizable linear polymers, a functionalization at the chain end is required (Scheme 1). Herein we report the preparation and properties of novel semicrystalline polyesters with long-chain hydrocarbon segments based on complete linear incorporation of oleic acid and erucic acid.
carbohydrates by microorganisms or enzymes. Entirely chemical synthetic routes in which the original molecular structure of the utilized plant biomass is substantially retained are an interesting alternative to such biotechnological routes, as they can be efficient in terms of feedstock utilization and reaction space-time yields, and also provide novel properties. Plant oils [5] [6] [7] are in principle attractive substrates for semicrystalline long-chain polyesters, as the substrate already provides relatively long (CH 2 )" crystallizable segments. This is illustrated by preparation of the difunctional monomer sebacic acid from ricinoleic acid, [8] which is converted into aliphatic polyamides such as nylon-6,1O with a beneficially low water uptake. Herein, only one side of the fatty acid chain with respect to the double bond is incorporated into the monomer and ultimately the polymer. For longer-chain aliphatic polyesters, a complete incorporation (Scheme 1) is also of particular importance to achieve sufficient melt and crystallization temperatures for thermoplastic processing and applications. Known aliphatic polyesters based on adipic or higher acids suffer from low melting substituted electron-rich diphosphines catalyze the reaction of ethylene with carbon monoxide and methanol to methylpropionate (methoxycarbonylation) with high ratesJ14,15] Remarkably, these catalysts methoxycarbonylate internal octenes to the linear carboxylic acid estersY6] They have been noted to be compatible with fatty acids; however, from the gas chromatographic data of the reaction mixture presented it appears that the carbonylation products were not formed or isolated with a purity sufficient for utilization as a difunctional monomer for polycondensationY7-20] This point is critical as highly pure monomers are a prerequisite for achieving any substantial molecular weights in subsequent polycondensation reactions, owing to the correlation DP" = 1! (1-p) (Scheme 1, x=I) . GPC reveals molecular weights Mw of typically 2 x 10 4 gmol-l (Mw/Mn = 2); this data agrees with Mn determined from IH NMR spectroscopic analysis of the end groups. This value approaches typical molecular weights of commercial polyestersJ22] The material melts with a peak temperature of T m = 103°C and crystallizes at Tc=87°C, with an enthalpy of ~Hm=140Jg-I. These properties compare for example with the Ubiquitous thermoplastic low-density polyethylene (LDPE).
Erucic acid is of particular interest for the concept presented herein, as it has an unusually long carbon chain. It is readily available from appropriate rape seed oils, or crambe. Methyl erucate is insufficiently soluble in methanol under the aforementioned conditions, and forms a heterogeneous mixture. This issue can be resolved by employing higher alcohols. Carbonylation of ethyl erucate proceeded smoothly in ethanol to afford diethyl-l,23-tricosanedioate in more than 99 % isolated purity. The ethyl ester was employed as a starting material to circumvent formation of a mixture of three different methyl and ethyl esters, as transesterification may occur under the conditions of carbonylation, which would complicate adjusting the exact stoichiometry in the polycondensation. Reduction afforded more than 99%-pure tricosane-l,23-diol. Polycondensation of stoichiometric amounts of the linear terminal en diacid ester and diol, respectively, yielded polyester 2 (Scheme 1, x = 5), with Mw = 2 X 10 4 gmol-1 (Mw/Mn = 2) according to GPC (Figure 1) , and Tm=99°C; Tc=84°C and a high[lO.23] melt enthalpy LJHm= 180 J g-l. Wide-angle X-ray scattering (WAXS; Supporting Information) yields a high degree of crystallinity X of about 75 % (ca. 70% for 1). These properties also approach those of linear polyethylene in terms of enthalpy per mass associated with melting, reflecting the predominantly hydrocarbon nature of the polymersY3]
The approach presented allows an efficient and complete incorporation of fatty acids into semicrystalline polycondensates, and is demonstrated herein for polyesters. This complete molecular incorporation in a linear fashion is also beneficial for achieving substantial melting points of the aliphatic polyesters. The generic reaction types employed, namely carbonylation,PS] reduction, [24] and polycondensation, [22] are proven on a large industrial scale. The concept is demonstrated herein for two low-cost fatty acids available from a variety of sources. Beyond the novel linear largely hydrocarbon polyesters studied, the long-chain a,w-diacid esters and diols are obviously of further interest for combination with established condensation monomers (some of which can also be generated entirely from renewable resources) to novel materials.
Experimental Section
Preparative procedures are exemplified by erucic acid ethyl ester (for full analytical data and procedures, see the Supporting Information). Diethyl-l,23-tricosanedioate: Pd(OAch (0.079 mmol), 1,2-bis[(ditert-butylphosphino)methyl]benzene (0.395 mmol), erucic acid ethyl ester (4.93 mmol), methanesulfonic acid (0.79 mmol), and ethanol (10 mL) were added into a dry Schlenk tube equipped with a magnetic stirring bar using standard Schlenk and drybox techniques. Vigorous stirring afforded a homogeneous reaction mixture that was transferred by cannula into a 20 mL stainless-steel magnetically stirred pressure reactor equipped with a glass inlay placed in a heating block. The reactor was closed, pressurized with carbon monoxide (20 bar) and then heated to 90°C. After 22 h, the reactor was cooled to room temperature and vented. After retrieving the reaction mixture from the reactor, ethanol was removed in vacuo. The crude product was dissolved in dichloromethane and filtrated over a Buchner funnel. Dichloromethane was removed in vacuo. The diethyl-l,23-tricosanedioate thus obtained was recrystallized from ethanol to yield the product in more than 99 % purity in 79 % yield. Tricosane-l,23-diol: Diethyl-l,23-tricosanedioate (5.22 mmol) was dissolved in tetrahydrofuran (20 mL). This solution was slowly added to a stirred and cooled suspension of LiAIH, (13.2 mmol) in tetrahydrofuran (40 mL). After further addition of tetrahydrofuran (10 mL), the stirred mixture was heated to reflux for 1 hour and then stirred overnight at room temperature. The reaction was quenched by slowly adding water (0.5 mL), 15% aqueous NaOH (0.5 mL), and
